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Abstract

The problem of factoring a linear partial differential operator is studied. An algorithm is
designed which allows one to factor an operator when its symbol is separable, and if in addition
the operator has enough right factors then it is completely reducible. Since finding the space of
solutions of a completely reducible operator reduces to the same for its right factors, we apply this
approach and execute a complete analysis of factoring and solving a second-order operator in two
independent variables. Some results on factoring third-order operators are exhibited.
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Introduction

An algorithm for factoring a linear ordinary differential operator L € Q(z)[0,] is described in [15],
it was improved in [5] with a better complexity bound. In [17] an implementation in a computer
algebra system is given. A survey on the factorization problem and further references may be found in
[14]. The structure of all possible factorizations of an ordinary differential operator is known due to a
fundamental theorem of Loewy [12]. An ordinary operator has a unique factorization into completely
reducible factors. Factorization of an operator L is of practical importance because it reduces the
problem of finding solutions of the linear differential equation Lv = 0 to the same problem for its
factors.

Much less is known on factoring linear partial differential operators (LPDO). First of all, the
concept of a completely reducible operator has to be generalized suitably. In the articles by Blumberg
[1] and Miller [13] these problems are discussed, and are illustrated by a few typical examples. In
particular, an example of a third-order operator is given in [1] which has two different factorizations
into completely reducible factors, see Example 4 in Section 4 for a complete discussion. It shows that
the result of Loewy quoted above does not remain true for partial differential operators.

In recent times, due to the growing interest in Computer Algebra, a few papers have appeared
which treat factoring as finding superideals of a left ideal in the ring of LPDO rather than factoring
a single LPDO, see [20, 11]. In [20] a concept of a factorization is developed which makes some
characteristics of factors to be uniquely defined similar to the case of ordinary operators. In [11]
the factorization of systems of LPDO with a finite-dimensional (over the subfield of constants) space
of solutions is studied, then its linear differential subvarieties are viewed as the factors of the input
system.

As in the case of polynomial factoring, an important issue in factoring differential operators is the
choice of a ground differential field F. If one takes F' to be universal [10] then in the case of ordinary
operators L € F[0] of order r where 0 is a derivative operator, L has always a factorization in r first-
order factors. This reminds of factoring a univariate polynomial in linear factors over an algebraically
closed field. In the case of a LPDO L € D = F|0y,...,0y] where 0; = 0/0x; for i = 1,...,m denote
the derivative operators, one can talk about absolute factorization which resembles the multivariable



polynomial factorization over an algebraically closed field. On the other hand, the conditions for
reducibility of L are rather involved, in general they consist of non-linear partial differential equations.
Consequently a large part of the discussion will assume coefficients from a universal field F' of zero
characteristic. Another advantage of this assumption is the duality between differential varieties and
left ideals in D [10]. On the other hand, studying factorization algorithms we will assume that the input
operators are from the ring Q(z1,...,%,)[01,...,0,]. The simplest possible equations determining
the factors are obtained, and its solutions either in Q(z1, ..., Z;,) or some extension field are discussed.

Now we say few words about the further contents of the paper whose main purpose is to make some
steps towards algorithms for factoring a LPDO and solving the corresponding differential equation.

In Section 1 we study separable LPDO, i. e. one with a separable symbol, and show that one
can factor a separable LPDO by means of a procedure similar to Hensel lifting (we name it Hensel
descent). Also we define a completely reducible LPDO and establish that if a separable LPDO has
enough irreducible right factors then it is completely reducible. The significance of completely reducible
LPDO is justified by the result of [2, 18] (see the Remark 1.8 below) that the space of solutions of a
completely reducible LPDO coincides with the sum of the spaces of its irreducible right factors.

This general approach is applied in Sections 2, 3, 4 to accomplish a complete analysis of factoring
a second- (see Section 3) and third-order LPDO (see Section 4) from F[0,,0,] respectively, and
investigate the solutions of the corresponding differential equations. In Section 2 we consider the
intersection of principal ideals generated by first-order LPDO. In the Appendix we give a description of
the solutions of partial linear and of partial Riccati differential equations. Evidently, since calculations
(even with the aid of a computer) become quite cumbersome, a further theoretical breakthrough in
the LPDO factoring is badly needed.

1 Hensel Descent and Completely Reducible Differential Operators

For a derivative 7 = ' - .- @™ denote its order ord(d”) = |J| = j1 + ...+ jm. For a LPDO

L= Z CLJ8J—|- Z bJ@J

|J|=r |J|<r

of the order ord(L) = r the homogeneous polynomial s(L) = Y a;Z” € F[Z1,...,Zy] of degree r,
with Zj new algebraic indeterminates, is named the symbol of L.

Definition 1.1 We call L separable if s(L) is separable.

We observe that if L is separable then in order to factor L one can apply a procedure which we
name Hensel descent and which reduces to polynomial factoring (over F'), rational operations in F
and taking derivatives. This algorithm is close in nature to the well-known Hensel lifting used widely
in polynomial factoring, see e. g. [8], the main difference is that in the case of differential operators
one has to compute the coefficients starting with the highest derivatives going to the lowest because
in the product of operators the coefficients at higher derivatives of factors give a contribution to the
coefficients at lower derivatives of the product.

Thus, let s(L) = gh where g =", 9,27 ,h =%, h;Z’ € F[Zy,..., Zy) are homogeneous polyno-
mials of the degrees deg(g) = k,deg(h) =,k + [ = r. Hensel descent is looking for a factorization in
the form

L=(> g0+ Y GO ho'+ > Hj (1)

|J|=k 0<j<k—1 |J|=t 0<j<i—1



where G; = > =5 gJJﬁJ, Hj =3 = hJJ@‘] contain only the derivatives of order j. Denote the
corresponding homogeneous polynomials of degrees j by g; = > ;—; g],jZJ, hj =>2151=; hJJZJ.

Hensel descent runs recursively decreasing the order. Suppose that G, H;, are already constructed
with j; > max{t — [+ 1,0}, jo > max{t — k + 1,0} for a certain 0 < t < r — 1 (at the first step of
the recursion we set t = r — 1). At the current step Hensel descent compares the coefficients at the
derivatives of order ¢ in both sides of (1). Rewriting the right-hand side in terms of the corresponding
homogeneous polynomials of degree t we obtain gh;_x + hg;—; + p (provided that ¢t > k, t > 1) where
the coefficients of the homogeneous polynomial p are already known being the rational expressions of
the derivatives of the coefficients of the already constructed Gj,, Hj,.

Taking into account that ¢t — k < [ and that due to the separability of L the polynomials g, h are
relatively prime, we conclude that there exists at most one pair of polynomials g;_;, h;_; which yields
a known polynomial ¢ = gh;_ + hg;_;. Hensel descent looks for g;_;, hs_ by means of solving a linear
algebraic system in the coefficients of g;_;, h;_j. If this system is unfeasible then Hensel descent halts
saying that the polynomial factorization s(L) = gh does not lead to a factorization of L. Otherwise,
Hensel descent outputs ¢;_;, ht_r and continues the recursion.

In case when ¢t < k (or t < [, respectively) the polynomial h;_j is absent (or g;; is absent,
respectively). Finally, in case when both ¢ < k, t < [ Hensel descent verifies whether the coefficients
at the derivatives of the order ¢ in both sides of (1) coincide. And again it halts if this fails.

Let us summarize the properties of Hensel descent in the following proposition.

Proposition 1.2 A separable LPDO L of order r has at most 2" factorizations and Hensel descent
finds all of them starting with factoring the polynomial s(L) and performing rational operations and
derivations in F. For each (including reducible) factor of s(L) there is at most one right factor of L.

Remark 1.3 If s(L) = gh where g, h being relatively prime, one can still apply Hensel descent to (not
necessary separable) L.

For a LPDO L we denote by < L > the left ideal generated by L. Since we consider only left
ideals, the term left in general will be omitted.

In the ring D = F[0] of ordinary differential operators all ideals are principal. As a consequence the
lem of any two operators L1, Lo € D is defined uniquely as the operator L generating the intersection
< L1 >N < Ly >. For LPDO the intersection ideal of two principal ideals is not necessarily principal,
that is why we introduce the following concept.

Definition 1.4 A LPDO L is called completely reducible if < L >=< L1 > N---N < Lx > for
suitable irreducible LPDO Lq,...,Ly. In this case we say that L is the least common left multiple
L =lem{Ly,...,L;}. More generally, we call a left ideal I C D completely reducible if I =< Ly >
N---N< Lg >.

Theorem 1.5 If a LPDO L has right factors L1, ..., Ly such that lem{s(L1),...,s(Lx)} = s(L) then
<L>=<Li>nN---N< L >.

Proof. Clearly < L >C< L1 > N---N < L >. We need to prove the inverse inclusion.

Making an appropriate linear (over the subfield of constants of F') transformation of 01,..., 0y,
one can assume that the derivative 97 occurs in L (cf. Lemma 2.3 [18] or Lemma 4 [6]).

Take any P €< L1 > N---N < L > and divide it from the left with the remainder by L with
respect to Ji, then P = QL + R where ordy, (R) < r. Since R €< L; > N---N < L > we have
s(L) = lem{s(L1),...,s(Lx)}|s(R) and we get a contradiction because r = deg, (s(L)) > degy, (s(R))
unless R = 0. O



Corollary 1.6 1) If L has irreducible right factors Ly, ..., Ly such that lem{s(L1),...,s(Lg)} =
s(L) then < L >=< Ly > N---N < Ly > is completely reducible.

2) If L is separable and for each irreducible factor g; of s(L) it has a right factor G; with s(G;) = g;
then < L >=; < G; > 1is completely reducible (with G; being irreducible).

Proposition 1.7 For an ideal I =< Py,..., P, >C D with at least one separable element, say P,
one can test whether I is completely reducible, by means of factoring polynomials over F, performing
rational operations and derivating in F.

Proof. Trying all the factors (including reducible) of the polynomial s(P;) the algorithm finds
all the irreducible right factors Lq,...,L; of P; with the help of Proposition 1.2. If the ideal I is
completely reducible then

I=<L;>nNn---N<L;, > (2)

for appropriate 1 <i; < --- <1, <k.

To verify (2) the algorithm repeatedly makes use of the following procedure which finds the Janet
base ([16]) of the intersection of two differential ideals I;, I and which extends the similar well-known
procedure for finding Groebner base of the intersection of polynomial ideals [3].

Introduce the field F(u) of rational functions imposing the commutativity conditions: ud; =
Oiu, 1 < i < m (thus, u plays the role of a constant in D). Find the Janet base [16] of the ideal
< uly, (1 —u)ls > with respect to the lexicographical ordering in which u is higher than all other
variables and derivative operators. Thereupon (similar to the case of polynomial ideals [3]) all the
elements of the Janet base which do not contain u, constitute the Janet base of I; N Is. O

Remark 1.8 1) For an ideal I C D denote by Vi C F its space of solutions [10]. The relation

‘/Ilﬁlg = ‘/Il + VIQ

(see Proposition 3.1 and Theorem 4.1 [18], cf. also Proposition 2 [2]) allows one to reduce
solving a completely reducible LPDO to solving its factors.

2) If < L >=< Ly >N < Ly > then ord(L) < ord(Ly) + ord(Ls).

This follows from Theorem 4.1 [18], taking into account that ord(L) coincides with the leading
coefficient of the Hilbert-Kolchin polynomial of the ideal < L >. Moreover, ord(L) = ord(Ly) +
ord(Le) if and only if the typical differential dimension ([10]) of the ged ideal < Li, Ly >C
F[0y,...,0n] is less than m — 1.

The next proposition treats the case of commuting LPDO.
Proposition 1.9 Let L1Lo = Lol and < L >=< L1 >N < Ly >.
1) If ord(L) = ord(Ly) + ord(Ls) then L = LiLs.
2) If the polynomials s(L1), s(La) are relatively prime then L = LiLs.

Proof. To show 1) we note that L1 Ly €< L >. Besides, 1) entails 2). 0
Below we illustrate the methods described above for the second and the third-order LPDO.



2 The Structure of Ideal Intersections

In this section the possible ideal intersections which may occur if the LPDO’s under consideration
are from D = F[0,,0,] and their orders are not higher than three are discussed. This discussion is
independent of the base field F' which may be Q(z,y), some finite extension of it or a universal field F,
all of characteristic zero.

Theorem 2.1 Let the principal ideals Iy =< 0p+a10y+b1 >, Io =< 0y +a20,+ba >C D be different.
There are three alternative cases for their intersection.

1) NIy =< L = Oy +q10zy + q20yy + 4302 + 10y +q5 > and I1 + 1o =< 1 > if and only if a1 = as.
In this case L is non-separable. Conversely, if L is a non-separable second-order LPDO having
two different first-order right factors L1, Lo then < L >=< L1 > N < Lo >.

2) Iy N Iy is principal and generated by a LPDO L of second-order as in the previous case and
L+ D 7&< 1 >, then
a1b2 — agbl

by —b
LA D=<dy+ 222 g 4 L2
a;p —ag a1 — az

This case occurs if and only if (21 - 222)35 _ (a152 - ggbl) with a1 # ag. In this case L is

separable. Conversely, if L is a separable second- order LPDO having two different first-order
right factors L1, Lo then < L >=< L1 >N < Ly >.

3) I N I3 is not principal, then
LNy =< 8mcy + QIaxyy + Q28yyy + @302 + Q463:y + QBayy + q60; + Q7ay + gs,
Ovza + plaxyy + p23yyy + P30z + p4a:py + p5ayy + POy + p’?ay + ps >

and Iy + Iy =< 1 > if the preceding two cases do not apply.

Proof. In accordance with [3], Theorem 11 on page 186, an auxiliary parameter u is introduced
and the operators u(0; + @10y + b1) and (1 — u)(0; + a20y + b2) are considered (see the previous
section). In order to compute generators for the intersection ideal, a Janet base [16] with u as the
highest variable has to be computed. To this end, computationally it is more convenient to find the
Janet base with respect to the differential indeterminate z and a new indeterminate w = uz with
w > z in a lexicographic term ordering. This yields the differential polynomials w, + ajw, + byw and
Wy + agwy + baw — 2 — aszy — baz. If a; # az autoreduction leads to

wy + b} by w4 g 1 — (22 + agzy + bez),
(3)
we + algf = Zgbl W — grtas (2o + azzy + baz).

The integrability condition between these two elements has the form

T
a; —asz ay — az

b1 — b a1be — asb b1 —b a1bs — agh
L2, — 220, —|—<( Lo 22y — (22 21)y>w+te7’msinz.
a; — as a; — as
The first derivatives w, and w, may be eliminated by a further reduction without changing the
coefficient of w. If it vanishes, the remaining expression containing only terms in z is the lowest



element of a Janet base. The vanishing of the coefficient of w yields the condition of case 2), the
corresponding second-order operator generates the intersection ideal. If the coefficient of w does not
vanish, this expression must be applied to eliminate w in (3). It yields the two third-order operators
in case 3) with leading terms 0pyy and Opye. Finally, if a1 = ap autoreduction leads in a single step to

Wy + awy + bhiw, w+ (22 +a1zy + bo2).

b1 — be
Substituting w into the first expression yields the second-order operator in case 1).

To establish the last claim in case 2) apply directly Theorem 1.5.

To prove the last claim in case 1) let Ly = 0, +ady+b1 # Lo = 0, +a0y+by and L = L3Ly = LyLs.
Clearly, L €< L1 > N < Lo >. Now take any P €< L1 > N < Ls > and divide it from the left with
the remainder by L with respect to 0, (cf. the previous Section), then P = QL+ R where R = A0, + B
for certain A, B € F[0,]. Since R = LsL1 = LgLy we get Ls = A = Lg. The achieved contradiction
completes the proof of the last claim in case 1). O

Remark 2.2 a) In cases 1) and 2) of the Theorem if L = L1Lo then one can verify that L1Ls =
LoLy (the converse follows from Proposition 1.9).

b) Cases 1) and 2) of the Theorem show that the second-order LPDO L posesses the unique Loewy
decomposition (which is known for the linear ordinary differential operators [12]), i.e. L =
Ly--- Ly (of course, k < 2) where each L; is the lem of its irreducible right factors. Namely, in
both cases 1) and 2) we have k = 1, the same holds if L is irreducible. Finally, if L has a unique
factorization in two first-order factors L = Ly Lo then k = 2.

The above Theorem 2.1 shows that in general the lem of two LPDQO’s does not exist. In fact, its
existence even for first-order operators is highly exceptional as it is obvious from the constraints for
cases 1) and 2). It is interesting to note that in accordance with a theorem due to Stafford [19] in those
cases where the lcm does not exist, the intersection ideals are generated by exactly two operators, see
also the discussion in [7].

The intersection of ideals generated by a LPDO of order higher than one becomes increasingly
complicated and the number of alternatives increases rapidly. For an ideal I C D we denote by
LT; C D the leading terms ideal generated by the highest derivatives of all LPDO’s from I with respect
to gradlex ordering in which z > y (cf. [3]). The leading terms ideal LTy, nr, of the intersection of two
ideals with LTy, =< 0, >, LT}, =< Oz > may be of different forms: for example, < Orzay, Orzaz >
< Ozgayys Ovzazr >, < Ozze > etc. In the subsequent theorem the case of a principal ideal intersection
will be described in some detail because it is relevant for the applications in Section 4.

Theorem 2.3 Let the principal ideals
I =< 0y +a10y + by >, Iy =< Oy + 202y + b20yy + 20, + d20y + e2 >C D
be given and define
P =aiy — a1ya1 — 2a1b1 + az(a1y + b1) + arca — do,
q=bigz —bryar — b% + agbyy +bica —ea, T =aja — a% — by.

Then LTt A1, =< Ozzz > if at least one of the following set of conditions (4) or (5) is satisfied.

b b b p q q q
al,yy — al,y; + 201,y = (;)x + al(;)y’ b1y + bl,y; - 2al,y; = (;)x + al(;)yu r# 0. (4)

(j;n - <§>y =biy, 7=0. (5)



The proof is similar to that of Theorem 2.1 dealing with the intersection of first-order ideals and is
therefore omitted. The conditions (4) or (5) are sufficient for the existence of a principal intersection.
It is not excluded however, that there may be other cases involving more complicated coefficient
constraints leading to a principal intersection as well.

If a third-order operator is factorized there may occur a problem of calculating the intersection of
three ideals, each of which is generated by a first-order operator L1, Lo and Lj3. Its intersection may
be obtained by applying first Theorem 2.1 to the three pairs < L; > N < L; > with i =1, j = 2;
1=1,j=3and i =2, j = 3. If a principal ideal is generated by some choice of ¢ and j, Theorem 2.3
may be applied to determine its intersection with the remaining ideal < Ly >, k # 1, j.

3 Factorization of Second-Order Differential Operators

From now on the coefficients of a given second-order operator are assumed to be from the base field
Q(z,y). This is necessary if the goal is to obtain constructive answers allowing to factorize large
classes of operators.

Theorem 3.1 (Miller 1932) Let a second-order LPDO

L= amx + Qlazy + Q26yy + QSax + Q4ay + QS (6)

be given with Qi € F for all k. A first order right factor 0, + 510, + Sa with S1,S2 € F may exist only
if there is a solution of S? — Q151 + Q2 = 0 for S1. The following two cases have to be distinguished.

1) Q2 # thfQ%, i.e. L is separable. The two values for S1 are S1 = %Ql + ‘/21[@% — @2, then So is

uniquely determined from

1 1 1 1 1
(81— 5@1)52 = 551,3; — 5(51 —Q1)S1y + 5@351 — 5@4- (7)
In addition the following condition must be satisfied.
Soz — (S1 — Q1)S2,y — S5 + Q352 — Q5 = 0. (8)

2) Q= %Q%, i.e. L is non-separable. There is a single value S1 = %Ql, in this case So has to be
obtained from

1
S0+ @152y — S5+ Q35 — Q5 = 0. (9)
In addition there must hold

1
Q12 + 5@1@1,;, + Q1Q3 —2Q4 = 0. (10)
If there are two first-order right factors, their lem exists and generates the same ideal as the operator
(6).

Proof. Dividing the given operator (6) by 0, + 510y + S, the condition that this division be exact
leads to the following set of equations between the coefficients.

S? — @151 + Q2 =0,
Stz + (Q1—51)S1,y + Q351 + (Q1 — 251)52 = Q4,
Soz+ (Q1— S1)S2y — S5+ Q352 = Q5.



The first equation determines always S;. If Q1 # 251, the second equation determines S5, and the
third equation is a constraint (8) for the coefficients of (6). This is case 7). If @1 = 257 there holds
Q2 = ZlIQ% and the first equation has the double root S; = %Ql. The coefficient of S in the second
equation vanishes, upon substitution of S; it becomes constraint (10). Sz has to be determined from
the last equation which is (9) being a partial Riccati equation for Ss.

If there are two factors, in case 1) a straightforward but tedious calculation shows that they always
obey the constraint given in case 2) of Theorem 2.1. In case 2), if two factors exist, they have identical
coefficients of 9, and therefore by case 1) of the same theorem the lem exists. a

Remark 3.2 In the separable case 1), reducibility may always be decided, and the possible factors
may be obtained by algebraic operations. Its coefficients are either from Q(z,y) or from a quadratic
extension of Q(x,y). In case 2), absolute reducibility may always be decided by testing condition (10).
If the answer is positive, the coefficient So may be obtained by solving the partial Riccati equation (7).
The latter is discussed in Lemma 5.3 in the Appendiz.

2
Example 1. Let the operator 0., — %C—yaxﬁ %2(1 —x4y?)0yy + %811 be given. Because ZlIQ% —Qy =
22yt £ 0, case 1) of Theorem 3.1 applies. It yields Sy = —% +29% and Sy = Fxy. Both choices satisfy
condition (8). Consequently there exist the two first-order right factors 9, — ( % + 2y?)0, £ zy.

Example 2. Consider the operator
Oga + %(mng +2—y)Ogy + %(1:214 —1)0yy
—x(y —1)0, + ﬁ(m‘lyz + 23y + 2%y? — 2’y —x +y)0y, — 2’y —x —y.

Because ZlIQ% — Qs = ﬁg(a@f —x —y)? # 0, case 1) of Theorem 3.1 applies. The first alternative

S1 = %(ny — 1) and S = —=xy satisfies condition (8). The other alternative is S; = 1 and a
fairly complicated expression for Sy which does not satisfy (8) and therefore have to be discarded.
Consequently there is a single first-order right factor which leads to the factorization

(9 + 0y + )0 — (2 = 2y°)3, — 2y) (1)

of the given operator. The right factor coincides with one of the factors in the preceding example.

Example 3. (Miller 1932) Let the operator

2y y2 1 Y 1

be given. Because %Q% — @2 = 0, case 2) of Theorem 3.1 applies. It yields S; = % and leads

to the equation S>, + %Sg’y - 52 + %52 + ﬁ = 0 for Sy. According to Lemma 5.3, its general
2

im where ¢ = % and @ is an undetermined function of its argument.

Consequently the given second-order operator has an infinite number of first-order right factors of the

form 9, + 20, + 11+ 2 (9) z%(¢)

T xr-Y 1 _— x2(p(¢)

If the term 0,, does not occur in LPDO (6) but 0y, occurs, Theorem 3.1 may be applied after =

and y are exchanged. The special case where the only second-order term is 0., may be traced back

to the previous one by a change of variables, or it may be treated directly as in the proof of the above
theorem. In any case, the answer simplifies considerably as it is shown next.

solution is Sy =

which are parametrized by ®.



Corollary 3.3 Let a second-order LPDO 0y + Q30 + Q40y + Q5 be given with Qi € Q(z,y) for all
k. The following two cases have to be distinguished.

1) There exists a first-order right factor 0y + Qa4 if and only if Qs — Q3Q4 = Quay.

2) There exists a first-order right factor 0y + Q3 if and only if Qs — Q3Q4 = Q3 4.

If the conditions for both cases 1) and 2) are satisfied, the given LPDO is the lem of the two first-order
factors.

Example 4. Let a LPDO 0y + 71 y(aa + B0,) be given. The preceding corollary leads
B
immediately to the following result. If o = 1, § # 1 it factors into (0, + :Hy)(a + +y)' If

a # 1 and B =11t factors into (0 + :c+y)(8 + 33+y) If both = 8 = 1 it is equal to

If a second-order LPDO is reducible, solving the corresponding differential equation is reduced to
solving one or more first order equations (cf. the Remark 1.8). In the Appendix a few results on
solving such equations are listed. They are applied next for solving reducible second-order equations.

Theorem 3.4 The solutions of a second-order linear pde may be described as follows.

1) If the corresponding second-order LPDO is the lem of two first-order LPDO, i.e. if
L =0+ QIaacy + QQayy +q30; + Q4(9y +q5 = lcm(ax + a18y +ag, 0r + blay + b2)7

the general solution of Lz = 0 has the form z(x,y) = z0(x,y) + z1(z,y) (see the Remark 1.8)
where

2o, y) = ®(g)e S HBOEY 2y () = ()e SR, (12)
&(z,y) is the integral of % = a1, ¥(z,y) is the integral of % = by, ¢ is the inverse of § =
o(x,y), i. e. y= ¢(x,7), and ¢ is the inverse of § = V(x,y), i. e. y = Y(z,7).
If the gcd ideal of the two first-order factors is nontrivial with a solution w(z,y), by Corollary 5.2,

the general solution may be written in the simplified form [®(¢) + V(Y)|w(x,y). If the ged ideal
is finite-dimensional then in order to yield its solution w(x,y) one can make use of [11].

2) If the corresponding second-order LPDO is not the lem of two first-order LPDO but has only
one factorization

L =0+ QIary + Q28yy +q30; + Q4ay + g5 = (aﬂc + blay + bZ)(aI + alay + a2)a

the general solution of Lz = 0 has the form
Ao,y) = zowy) + e 20D [ (g el 2o, (13)

with zg and z1 as in the previous case.

Example 1 (completed). By case 2) of Theorem 2.1, the ged ideal is < Oy — l , Oy — l > 1.

With the notation of case 1) of Theorem 3.4, the first order ode’s ' + zy? + y = 0 for the 1ntegral of
1

the homogeneous part are obtained. These Riccati equations have the general solutions y = O i 2
rtx



where C'is a constant. They yield the first integrals ¢ = %y +xand ¥ = xiy —x respectively. Applying

x%/ +x) + \If(ﬁ —x)]zy.
Example 2 (completed). The solution has to be constructed by case 2) of Theorem 3.4. The

right factor yields zo(z,y) = atyq)(% + ), the left factor z1(z,y) = ¥(z — y) exp (—42?%) with ® and

U undetermined functions. Substituting these expressions into (13) finally yields

Corollary 5.2 the general solution may be written as [®(

z(z,y) = nlryq)(i +z)— 1 /(x —9)¥(z — ¢)exp (—%xz)dx]g:(z,

Ty ry
wheregb:i—kx andqiﬁ:#
Yy x(y—x)’

Example 3 (completed). There are several ways to proceed in this case. Two different right
factors may be created by two choices of ®,e. g. ® =1 and ¢ = % Then by applying case 1) of
Theorem 3.4, the solution is obtained in the form

N Yy
=(x——)P(%)+ 5 — 1)U (=).
2(o,9) = (= 2(Y) + L(ay - ()

Alternatively Lemma 5.1 may be applied to the general first-order factor which results in

(o) = - o) eY) - e =2a() - @

T T

8|~

where ® = 2T and U = OU.

4 Factorization of Third-Order Differential Operators
In this section we study third-order LPDO’s from the ring D = Q(x, y)[0z, 0y].
Theorem 4.1 Let a third-order LPDO be given with coefficients Qi € F' for all k.

ammc + Qlamty + Q28xyy + QSayyy + Q4axr + Q58$y + Q68yy + Q?ax + QSay + QQ- (14)

A first-order right factor 0, 4+ S10y + So with S1,52 € F may exist only if there is a solution of
S — Q152+ Q251 — Q3 =0 in F for Si. In addition, the following two cases have to be distinguished.

1.1) If S? — %QlSl + %Qg # 0 (¢f. Remark 1.8), then So is uniquely determined from

(57— 2Q151 + 3Q2)S5: 15)
= (51— 3Q1)S12 — (57 — Q151 + 2Q2)S1y + 2Q4SF — 3Q551 + £ Qs.

1.2) If S — %Q151 + %QQ = 0 (i.e. (14) being non-separable, cf. Section 1), then Sy has to be
obtained as a solution of

(81— %Ql)SQ,x — (82 — Q151 + %Q2)82,y — (51— %Ql)Sg
+(S1,2 — 5151y + 3Q151y + 2Q4S1 — 3Q5) 5>
— 28120 + 3(S1 — Q1)S1,2y — 3(SF — Q151 + Q2)S1,yy + 351,251,y
—3Q4S12 — 3(S1 — Q1)ST, + 5(QuS1 — Q5)S1,y — 5Q751 + Qs = 0.

(16)

10



Two additional constraints of the form

Fk(Qh-'-’Q9aQ17x7'-‘7Q9,yy):0 fOT k:172 (17)

and Fy a polynomial in its arguments have to be satisfied. Due to their huge sizes we omit them.

A second-order right factor Oy + S10gy + S20yy + S30, + S0y + S5 of (14) may exist only if there
is a solution of S} —2Q15% + (Q2 + Q?)S1 + Q3 — Q1Q2 = 0 for S1. Then Sy = S? — Q151 + Q2 and
the following two cases have to be distinguished.

2.1) If S? — %leﬁ + %(Q2 +Q?) # 0, then Sz is uniquely determined from

(S7 = 3Q151 + 5(Q2+ Q%) Ss + (51 — 2Q1) 510 — (57 — 2Q151 — 3Q}) 51,
+2(2Q4 + Q14)57 — H(Q5 +2Q1Q1 + Q2 y + Q12 + Q1Q1,y)S1 (18)
+3(Q2,2 + Q2,yQ1 + QuQ2 + Q5Q1 — Q) = 0.

2.2) If S? — %QlSl + %(QQ + Q%) =0, then Ss is obtained from

(S1—2Q1)S30 — (ST — 5Q151 + 2Q%) S35y — (51— 2Q1)53
+(S1,0 — 5151y + Q151 + 3QuS1 + 3Q1,451 — 2Q5 — 2Q4Q1 — 2Q10 — 2Q1Q1,) 53
— 28120 + 2(51 — Q1)S12y — 5(SF —2Q151 + Q})S1,yy + £51,251,y + 2Qa(S1,551 — S1.2)
—2Q4S1. — 3(S1 — Q1)St, + 3(Q1,yS1 — 2Q4Q1 — Qra — Q1,yQ1)S1y + 3Quy St
—L(Q7+ @5y + Quo + Quy@Q1 + Q1S + 2(Qs + Q7Q1 + Q5.2 + Q5,4Q1 + Q5Q4) = 0.
As for the first-order factor, two additional constraints of the form (17) have to be satisﬁed?lg)

The remaining coefficients are
5'4 = 25351 — leg — 51733 + (51 - Ql)sl,y - Q451 + Q5a
S5 = 53 — S34 + (S1 — Q1)Ssy — Q1S3 + Q1.

The proof of this result is similar to the case of the second-order factorization in Theorem 3.1 and
is therefore omitted.

Remark 4.2 [In the separable cases 1.1) and 2.1), reducibility may always be decided, and the possible
factors may be obtained by algebraic operations and derivations. Its coefficients are either from Q(z,y)
or from a quadratic or cubic extension of it. In cases 1.2) and 2.2), absolute reducibility may always
be decided by testing conditions (17). If absolute irreducibility is precluded, the coefficient Sy or S
may be obtained by solving the partial Riccati equation (16) or (19) respectively.

Example 5 (Blumberg 1912) In his dissertation [1] Blumberg gave the following example of a

reducible third-order LPDO with two different factorizations involving first-order right factors.
L = Oppq + 2000y + 2015 + 2(x + 1)0py + 0 + (x + 2)0y
(20)
= (Opz + 203y + 0p + (v +2)0y)(0x + 1) = (0x + 1)(0r + 1)(05 + 20y).

11



The right factor 0, + 1 is obtained from case 1.2) of the above theorem. The solution S; = 0 leads to

the equation

2 2
Sow—S5+(2+>)S—1-==0
x x

1
z
on y. The constraint F; = 0 is satisfied for any C' whereas F5, = 0 leads to C = 0, i. e. Sy = 1.
Furthermore Blumberg showed that the second-order left factor in this factorization is absolutely
irreducible. The other right factor 0, + x0, is obtained from case 1) for S; = z. It turns out that the
quotient by this factor which is 9., + 20, + 1 is completely reducible with the consequence that the
second factorization in (20) should be replaced by

with the general solution So =14 5 — %4—17 where C' denotes an arbitrary function depending only

lem(0, +1 —

1
Ot 1= ) (0 0d))

Cr+

where C # Cy are constants w.r.t. z,i. e. (Ck)y =0,k = 1,2. The limit C}, — oo leads to the factor
Oz + 1 as given in (20). The intersection ideal of the two first-order right factors

Cy+x

<O +1>N< 0y + 20y >=

< Oy + Ty — 200y + 20,y — 10, — 1o,

Ovaz — T2 Onyy + 30pg + (22 + 3)Opy — 220y + 20, + (22 + 3)0, >

is not principal (see Theorem 2.1 case 3)). This demonstrates that a direct analogue of the Loewy
decomposition (cf. [12] and the Remark 2.2) fails for third-order LPDO’s. Indeed, L from (20) is
not lem of its only two irreducible right factors 0, + 1 and 0, + 29, (one can check making use of
Theorem 4.1 that there are no other irreducible right factors neither of the first- nor of the second-
order). However, all intersections

1
<(8x+1—m)(5x+x8y)>ﬂ<8x+1>—<L>

are principal. This means that L has infinitely many representations as the lcm of a second-order and
a first-order operator.

Similar as in the second-order case, when the leading derivative of a third-order operator is 0,y or
Ogyy, the possible factorizations are relatively simple as is shown next for the former case. The latter
may be reduced to it by exchanging its variables.

Corollary 4.3 Let a third-order LPDO Oyzy 4 Q205yy + Q402z + Q504y + Q60yy + Q705 + Q30y + Q9
be given with Qr € Q(z,y) for all k. The following four cases have to be distinguished.

1) There exists a first-order right factor 0, + S10y + So if and only if one of the following set of
conditions is satisfied.
S1=0, Sp= @8, Sau+2QuSay — 5§+ Q55 = Qs,
Sa.y + Q259 yy + Qa2 + Q552 — QuS3 + Q753 = 25,55,

or

S1=Qa Sp=-F0+ B0y - Qi+ Qs,
Sozy + Q1524 + (Q5 — Q2,y — Q2Q4)S2, — Q1S3 + Q752 = 252,52 + Qo,
Sae — S5+ (Qs — Q2Q4 — Q2,)S2 + QayyQ2 + (Quy + Q7)Q3
+(2Q2,y — Q5)Q2Q1 — Q2Q5,y + Q2Q7 + QuQs + Qs — Qs = 0.

12



2) There exists a first-order right factor 0, + Sz if and only if there holds

So = Qu, 2Quz + Q2Q4y + Qu(Q5 — Q2Q4) = Qr,
Qupr + Q2Quzy + (@5 — 2Q2Q4)Qup + Q6Quy = Qu(QuQs — @s) + Q.

3) There exists a second-order right factor Oy, + 510y + S20yy + 530, + 5S40y + S5 if and only if
there holds

S1=Q2, S2=0, S3=0Q5— Q2Qs — Q2y, S1=CQ6, S5 = Qs — QuQs — Qey,
S3y + QuS3 = Q7, S5y + Q155 = Q.
4) There exists a second-order right factor Oy, + S20yy + S305 + 5S40y + S5 if and only if one of the
following set of conditions is satisfied.
S2=0, S3=0Q4, Si= %, S5 = % — @Q2(Quy — QF) — QuQs — Qua + Qr,
Sae + Q2Say + Q551 — 3 + Q255 = QuQs + Qs,
S50 + Q255 + (Q5 — Q2Q5)S5 — S4S5 = Q9
or
S2=Q2, S3=Q4, S4= % + @5 — %, S5 = %(sz — Q6 — Quz + Q7),
Stz — 574+ Qs5S1=0Qs8, Ss5.+ (Q5—51)S5 = Qo.

5 Conclusion

The factorization problem for second- and third-order differential operators in two variables has been
shown to require the solution of a partial Riccati equation (23), which in turn requires to solve a general
first-order ode and possibly an ordinary Riccati equation. The bottleneck for designing a factorization
algorithm for a LPDO is the general first-order ode which makes the full problem intractable at present
because in general there are no solution algorithms available. Some of the results described in this
article may be generalized to any number of independent variables.

Appendix

The subject of this appendix are quasilinear first-order partial differential equations in a single depen-
dent variable z, depending on x and y. These results are needed in the main text, they are due to
Goursat [4] and Kamke [9]. The first lemma deals with the general linear equation.

Lemma 5.1 The general solution of the linear partial differential equation
2y +a1zy + azz +az =0 (21)

with ag, = ag(z,y) € Q(z,y), k =1,...,3 may be described as follows. Let ¢(z,y) = const be the first
integral obtained from the solution of the first order ode % = ai(z,y). Assume that § = ¢(z,y) and

the inverse y = ¢(x,y) exist. Then the general solution of (21) is

cAavy) = (200) — [as(w, drel ePdy) e [ rtediey,_, (22)

with ® an undetermined function of its argument.
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Proof. It is based on the procedure described in [9], Section 4.2. A homogeneous equation
corresponding to (21) for a new function w(z,y, 2) is wy + a1wy — (a2z + az)w, = 0. A first integral ¢

is obtained from % = a1. If it is applied for introducing a new variable § as described in the Lemma,
the equation w, — (a2z + ag)]y:(;;wz = 0 for w is obtained with the first integral

b= zel 20D g [ oy, g)ef 2Dy,

Consequently the general solution w = W(¢, 1)) is obtained with an undetermined function ¥. Resub-

stituting g = ¢(z,y) and solving for z yields (22). O
Corollary 5.2 Let z1 # 0 and z3 be special solutions of z; +a1zy+azz = 0, then the quotient zg = %
is a solution of the homogeneous equation z; + a1zy = 0.
Proof. For any two solutions 21, 22 of z; + a1z, + azz = 0, the quotient ;—? is a solution of
2z + a1z, = 0 as is obvious from
(2)e +a1(2), = —(oa0 + mrzay) - (e + @r21y) = —(—arm) — 2(—apz) =0. O
—= a1(—)y = —(z a122.4) — —= (2 a1214) = —(—agz1) — —=(—asz1) = 0.
2 x 1 2 Y 2 2,x 142y Z% 1,x 1<1,y 2 2<1 Z% 2<1

For ag and/or ag = 0, the solution (22) simplifies in an obvious way to the solution of the respective
homogeneous equation.

The equation considered in the next Lemma is called partial Riccati equation for obvious reasons,
i. e. it is linear in the first order derivatives and quadratic in the dependent variable.

Lemma 5.3 The general solution of the partial Riccati equation
2y + a12y + asz’ +azz +ays =0 (23)

with ap, = ag(z,y) € Q(x,y), k =1,...,4, may be described as follows. Let ¢(x,y) = const be the first
integral obtained from the solution of the first order ode % = ai(z,y). Assume that § = ¢(z,y) and

the inverse y = ¢(x,y) exists, and generate the Riccati equation

dz

oo+ aa(2,0)2" + a3(w,9)z + au(@,7) = 0. (24)
Into its solution substitute § = ¢(x,y) to obtain the first integral 1 (x,y,z) = const. Solving the
relation ¢ = ®(¢) for z, where ® is an undetermined function of its argument, yields the general

solution of (23).

Proof. By the same procedure as in the proof for Lemma 5.1, now for w(z,y, z) the equation
Wy — (ag2? + azz + a4)\y:q;u72 = 0 is obtained. Its first integral is determined by the general solution
of (24), from which the solution of (23) is obtained as described above. 0

Remark 5.4 Both equations (21) and (23) require solving a first order non-linear ode. No algorithm
s known for solving such an equation in general. If any solution has been found by ad hoc methods,
e. g. using a symmetry, the solution (22) is obtained by integration.
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